Three-dimensional correlative light and electron microscopy (3D CLEM) are attaining popularity as a potential technique to explore the functional aspects of a cell together with high-resolution ultrastructural details across the cell volume. In order to perform such a 3D CLEM experiment, there is an imperative requirement for multi-modal probes that are both fluorescent and electrondense. These multi-modal probes will serve as landmarks in matching up the large full cell volume datasets acquired by different imaging modalities. Fluorescent nanodiamonds (FNDs) are a unique nanosized, fluorescent, and electron-dense material from the nanocarbon family. We hereby propose a novel and straightforward method for executing 3D CLEM using FNDs as multi-modal landmarks. We demonstrate that FNDs is biocompatible and easily identified both in living cell fluorescence imaging and in serial block-face scanning electron microscopy (SB-EM). We illustrate the 3D CLEM method by registering multi-modal datasets.
Introduction
Correlative light and electron microscopy (CLEM) combine the strengths of fluorescence and electron microscopy and it allows overcoming their respective limitations for cell imaging (1) (2) (3) .
CLEM can be employed to study dynamics and localization of macromolecules and proteins with live cell light microscopy (LM) followed by electron microscopic (EM) examination of the ultrastructural morphology of the specific cell of interest (4) (5) (6) (7) (8) (9) . Thus, functional and ultrastructural details of one cell are obtained by the integration of the two imaging modalities (10, 11) . To date, numerous experimental CLEM approaches have been reported (5, (12) (13) (14) . Apart from providing functional and ultrastructural information, recent CLEM methods have employed super-resolution fluorescence techniques to bridge the resolution gap between diffraction-limited fluorescence microscopy and EM (6, 13, (15) (16) (17) (18) . However, the majority of developed CLEM methods are based on the correlation of LM with 2D images of thin cell sections imaged with transmission electron microscopy (TEM) (16, 17, (19) (20) (21) (22) . Consequently, these CLEM methods provide very limited information on the z-axis direction, as TEM sections are generally restricted to slices of about 60-100 nm thickness and they may also be tilted relative to the image planes in the confocal image stack, resulting in uncertainty in the final correlation.
Considering the complex 3D organization of a cell, most of the critical 3D cellular information, especially in the z-direction, is generally under-explored. Therefore, 2D CLEM methods could be improved by employing instruments capable of performing 3D imaging (14, (23) (24) (25) (26) (27) (28) (29) (30) enabling CLEM methods correlating 3D information from both LM and EM. Combining 3D fluorescence microscopy with 3D EM would significantly improve the technical possibilities for investigating complex cellular processes across the full volume of a cell.
Recently, several volume-CLEM methods that demonstrate 3D correlation have been presented (31) (32) (33) (34) (35) (36) . Typically, there should be some common landmark to allow correlation, as 3D imaging from both LM and EM generates substantial image datasets. Preferably, these landmarks should be detectable with both modalities. Consequently, intracellular fluorescent and electron-dense landmarks are critical for the execution of 3D CLEM experiments. One such fluorescent and electron-dense CLEM marker is the fluorescent nanodiamond (FND) (19, (37) (38) (39) . (40) (41) (42) (43) (44) . FNDs are non-toxic to cells, and being nanosized particles, they can be easily internalized in living cells via endocytosis (45) (46) (47) . FNDs have excellent photostability, and they have non-blinking far-red emission, which makes them well-suited for imaging of living and fixed cells. We recently reported that FNDs are robust intracellular landmarks in 2D CLEM experiments (39) .
In this article, a 3D CLEM method is demonstrated using 35 nm FNDs as intracellular landmarks for correlating cell volume datasets from live-cell confocal microscopy and serial block-face scanning electron microscopy (SB-EM).
Material and Methods

FND production
The synthesis and characterization of 35 nm FNDs have been previously reported (48) . A brief synthesis protocol is presented as follows. Synthetic type Ib diamond powders with a nominal size of 100 nm (MDA, Element Six) were purified in acids and suspended in water. A thin diamond film of ~50 μm thickness were made by depositing the diamond suspension on a silicon wafer.
The diamond film was then treated by a 3-MeV proton beam and nitrogen-vacancy defect centers were created by annealing the proton beam-treated nanodiamonds. To produce 35 nm FNDs, the 100 nm FNDs were first mixed with NaF powders and crushed together with a hydraulic oil press under a pressure of 10 tons. Smaller FNDs were isolated by centrifugation after dissolving the mixture in hot water to remove NaF. 
2D SEM
MDA-MB-231 cells (Human breast adenocarcinoma) were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2mM L-glutamine, and 1% penicillin-streptomycin (v/v). 10 µg/ml of 35 nm FNDs particles were prepared in 1 ml of cell growth media. Then, the cell media with particles was added to the cells growing. The cells were allowed to incubate with FNDs for 24h. Cells were fixed with 5% glutaraldehyde s-collidine buffer, postfixed with 2% OsO4 containing 3% potassium ferrocyanide, dehydrated with ethanol, and flat embedded in a 45359 Fluka Epoxy Embedding Medium kit. Thin sections were cut using an ultramicrotome to a thickness of 100 nm. The sections were stained using uranyl acetate and lead citrate to enable detection with SEM. The Zeiss LEO 1530 (Zeiss, Germany) SEM instrument used was for imaging. The applied voltage was 15kV, the detector was the In Lens-detector. The secondary electron detector placed in the electron optics column.
Confocal microscopy
The living cell 3D imaging was performed with a Leica TCS SP5 confocal microscope (Leica Microsystems, Germany), using a 63X oil objective. The cells were maintained at 37°C, 5% CO 2 during the imaging. The MitoTracker® Green and the FNDs were excited by 488 nm argon laser.
Fluorescence was collected at 510-550 nm and 650-730 nm with PMTs (Photomultiplier tubes) for MitoTracker® Green and FNDs respectively. The MitoTracker® Green was recorded in 3D stacks together with FND landmarks in living cells. After imaging, the cells were fixed with and sample preparation for SB-EM was performed.
3D SB-EM sample preparation
The specimens were prepared using a protocol modified from Deerinck uranyl acetate at +4°C overnight. Washed 5 times with DW at RT. Incubated in the pre-warmed lead aspartate solution at 60˚C oven for 30 min. Washed 5 times with DW and followed by serial dehydration. The cells were dipped to an aluminum plate with resin-acetone solution containing acetone with 50% (v/v) Epon resin to incubate for 1h. Further, cells were incubated in 100% Epon resin, incubate 1 h RT. The cells were allowed to polymerize in an oven at 60°C for 28 h.
3D SB-EM Imaging
The area of interest with the selected cells was trimmed from the plastic block and mounted onto a pin using conductive epoxy glue (model 2400; CircuitWorks, Kennesaw, GA). The trimmed block was further trimmed as a pyramid and its sides were covered with silver paint (Agar 
Image correlation
The multi-modal datasets were registered using the eC-CLEM plugin on the Icy bioimage analysis platform. In order to match the large datasets on a laptop (i7, 16Gb RAM memory), the EM stack was binned 4 times. The FM stack was matched to the binned dataset using the FNDs as landmarks, targeting the center of the FNDs aggregates both in LM and EM using orthogonal views from Icy. 9 FNDs were sufficient to achieve the good overlay accuracy depicted in this manuscript. Rigid registration was performed despite a recommendation by the software to apply for non-rigid Confocal image stacks of the whole cell volumes were acquired from both the MitoTracker (green) and the FND (red) signals ( Figure. 1d-f and Video. 1) . MitoTracker signal was seen widespread in the cytoplasmic space (Figure. 1d) . The fluorescence signal from FNDs (Figure. 1e) was mostly localized to a few spots suggesting their confinement in vesicles in accordance with earlier results(39) FNDs are internalized by clathrin-mediated endocytosis (46, 51) and they have a tendency to aggregate inside endosomal vesicles (Figure. S1) and subsequently slowly exocytose from cells (45, 47) . The aggregation of FNDs in cellular vesicles brings added benefit from a CLEM perspective (39) 3D localization of FNDs with respect to the MitoTracker fluorescence signal can be seen in Video.
Results
FND facilitated 3D cell volume-CLEM
Our 3D CLEM workflow begins by seeding FND incubated MDA-MB-231 cells over gridded
2.
These 3D confocal datasets were used for software-based correlation with SB-EM datasets.
After confocal imaging, the selected cells were fixed, stained and embedded for SB-EM (Figure. 1g). The use of gridded glass-bottom dishes allowed easy identification of the cells of interest within the plastic block and trimming the blocks accordingly. The trimmed area was mounted on a pin and imaged in SEM. The mounted block-face overview image before SB-EM is displayed in Figure. 1h.
The two selected cells were identified (Figure. 1h) Correlation of the LM and SB-EM volume datasets was done using the eC-CLEM plugin on the Icy bioimage analysis platform (52, 53) . First corresponding intracellular FNDs were identified in both datasets. FNDs aggregated in vesicles have a distinct appearance in SEM images (FigS1) and they are easily distinguished from morphological features of the cell. 
Discussion
We have introduced a novel FND enabled cell volume (3D) correlative microscopy method. The CLEM workflow is straightforward and can be performed without any dedicated CLEM imaging systems. We demonstrated that a standard organic fluorophore can be used for 3D CLEM experiments with the FND based method without any special sample preparation requirements. In general, organic fluorophores do not survive routine EM sample processing and are not electron dense molecules, and therefore are not detectable with EM. In contrast, the employed 35 nm FNDs were intracellularly detectable with both imaging modalities in our experiments, enabling successful correlation of volume datasets for 3D CLEM. FNDs can offer multiple advantages over currently used CLEM fiducials as their internalization does not need chemical permeabilization, which has impacts on cellular morphology and ultrastructure. FNDs may be considered as a leading contender in the search of an exceptional CLEM probe because they are not prone to chemical degradation, have excellent photostability, and their nanoscale size facilitates their rapid internalization to cells. In our CLEM workflow, confocal microscopy was chosen for the 3D living cell imaging even if it offers limited resolution. Pairing confocal with SB-EM imaging was a practical choice for our experiment because the specific instrument was available to us. However, the focused ion beam imaging (FIB-SEM) could be used as an alternative for automatically obtaining the serial section image stacks. However, SB-EM can manage larger sample volumes than FIB-SEM, but with more limited z resolution. Our next step is to explore the possibilities of performing FND enabled CLEM with 3D super-resolution imaging.
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